Abstract. The two crystalline donor-acceptor complexes showing hydrogen-bondings between bis(ethylenedithio) tetrathiofulvalene (BEDT-TTF) derivatives containing pyridine and pyrazine groups and 2,5-dichloro-3,6-dihydroxyl-1,4-benzoquinone (chloranilic acid) were prepared. X-ray structure analyses revealed that functional groups play an important role in constructing the unique crystal structures.
INTRODUCTION
Noncovalent bonds such as hydrogen bonding (H-bonding) and π⋅⋅⋅π interaction have been much used for preparing novel materials with electronic, magnetic, optical, or catalytic properties [1] . Consequently, intense investigations are devoted to the chemical modification of the donor atoms (S) of tetrathiafulvalene (TTF) series [2] [3] and the attachment of a hydroxy group or other functional groups to the core of the donor framework [4] [5] [6] for enhancement of the intermolecular interactions among electron donors and acceptors (or counteranions). Recent studies show that anilic acids which have excellent proton-donating and electron-accepting properties [7] [8] , have been attracted considerable interest for their combination with various proton-acceptors and electron donors to afford novel supramolecular architecture and molecular materials [9] [10] [11] [12] . In order to investigate further the effective interplay between charge-transfer and H-bonding interactions on the molecular assemblies, we report crystal structures of bis(ethylenedithio)tetrathiofulvalene (BEDT-TTF) derivatives containing pyridine and pyrazine groups and their complexes with chloranilic acid. 
X-ray crystallographic analysis
X-ray diffraction data for 1 and 2 were collected on a Stoe Image Plate Diffraction System [14] using Mo-Kα graphite monochromated radiation ( = 0.71073 Å) at 153K. X-ray diffraction data for (H 2 1) 2+ (3 -) 2 and 2(3) 2 were collected on a Stoe Mark II-Imaging Plate Diffractometer System [15] using Mo-Kα graphite monochromated radiation ( = 0.71073 Å) at 153K. The structures were solved by direct methods using the programme SHELXS-97 [16] . The refinement and all further calculations were carried out using SHELXL-97 [17] . All non-H atoms were refined anisotropically, using weighted full-matrix least-squares on F 2 . The H-atoms of 1 and 2 were located from Fourier difference maps and refined isotropically, the OH and NH protons of (H 2 1) 2+ (3 -) 2 and O2H2 and O4H4 protons of 2(3) 2 were derived from Fourier difference maps and freely refined while the remaining hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default parameters. Crystal data and summary of data collection parameters are shown in Table 1 . Figure 1 shows the crystal packing of 1. In the crystal lattice, the molecules are linked by a network of unconventional C-H⋅⋅⋅N (3.47 Å) hydrogen bonds. The 'BEDT-TTF' and the pyridine moieties of 1 are arranged in two separated columns. Within the 'BEDT-TTF column', the large interplanar separation is dictated by the bulky substituents. Its complex with 3 is composed of a common supramolecular synthon, formed by intermolecular O-H⋅⋅⋅N, N + -H⋅⋅⋅O, and N + -H⋅⋅⋅O -hydrogen bonds. In the crystalline architecture of (H 2 1) 2+ (3 -) 2 , two pyridine rings of 1 are protonated and exhibit bifurcated N + -H⋅⋅⋅O (2.94 Å) and N + -H⋅⋅⋅O -(2.61 Å) H bonding interactions, while the other two pyridine rings are not protonated and show O-H⋅⋅⋅N (2.60 Å) H bonding interactions. The bond lengths of 3 support the monoanionic structures [18] [19] . Thus the complex shows a segregated stacking assembly as DADDAD along c axis (Figure 2 ). In addition, there are some intermolecular C-H⋅⋅⋅O (3.02-3.36 Å) hydrogen bonds between 1 and 3. The ionicity of TTF core of 1 in (H 2 1) 2+ (3 -) 2 can be estimated from the bond length of the central C=C (1.347 Å), being very close to that of the neutral compound 1 (1.337 Å). Thus it can be inferred that TTF core of 1 in (H 2 1) 2+ (3 -) 2 is essentially neutral according to the correlation between the oxidation states of TTF derivatives and bond lengths of central C=C bonds [20] . Additionally, in comparison with free chloranilic acid 3 (1664.8 cm -1 ), the stretching frequency of C=O bonds in the complex (H 2 1) 2+ (3 -) 2 shifts to 1648.9 cm -1 , due to the formation of monoanion of 3 as well as intermolecular hydrogen bonds.
Crystal structures of 2 and its complex 2(3) 2
Single crystal X-ray diffraction analysis reveals that 2 crystallises with two crystallographically independent molecules per asymmetric unit, each possessing C i symmetry. In the crystal lattice, the molecules are linked by some unconventional C-H⋅⋅⋅N (3.24-3.42 Å) and C-H⋅⋅⋅S (3.25 Å) hydrogen bonds. Figure 3 illustrates the crystal packing of 2.
Its complex with 3 consists of one molecule of 2 and two molecules of 3. The protons are localized on the oxygen atoms and some O-H⋅⋅⋅N (2.60 Å, 2.70 Å) hydrogen bonds are observed. The complex forms a sandwich structure through the O-H⋅⋅⋅N hydrogen-bond interactions and stacks along the a axis ( Figure  4) . Moreover, some intermolecular C-H⋅⋅⋅O (3.03-3.46 Å) hydrogen bonds between 2 and 3 are observed. The ionicity of 2 can be estimated from the bond length of the central C=C (1.342 Å), being very close to that of the neutral compound 2 (1.336 Å, 1.339 Å). Thus it can be inferred that 2 in the complex with 3 is essentially neutral according to the correlation between the oxidation states of TTF derivatives and bond lengths of central C=C bonds [20] . Additionally, IR spectrum of 2(3) 2 shows that the stretching frequency of C=O bonds (1665.2 cm -1 ), is very close to that of free chloranilic acid 3 (1664.8 cm -1 ). These observations are consistent with other chloranilic acid complexes of functionalised BEDT-TTF derivatives [21] .
CONCLUSION
The hygrogen bonds formed in the complexes (H 2 1) 2+ (3 -) 2 and 2(3) 2 vary from an N-H⋅⋅⋅O to an N⋅⋅⋅H-O type as one may expect from the lower pK a values of pyrazine compared with that of pyridine. Obviously, the substituents on BEDT-TTF derivatives play an important role in the formation of different crystal architectures and determine the ionicity and stacking arrangement.
